The refolding of four disulfide lysozyme~at pH 5.2, 20 8C! involves parallel pathways, which have been proposed to merge at a near-native state. This species contains stable structure in the a-and b-domains but lacks a functional active site. Although previous experiments have demonstrated that the near-native state is populated on the fast refolding pathway, its relevance to slow refolding molecules could not be directly determined from previous experiments. In this paper, we describe experiments that investigate the effect of added salts on the refolding pathway of lysozyme at pH 5.2, 20 8C. We show, using stopped flow tryptophan fluorescence, inhibitor binding, and circular dichroism~CD!, that the rate of formation of native lysozyme on the slow refolding track is significantly reduced in solutions of high ionic strength in a manner dependent on the position of the anion in the Hofmeister series. By contrast, the rate of evolution of hydrogen exchange~HX! protection monitored by electrospray ionization mass spectrometry~ESI MS! is unchanged under the refolding conditions studied. The data show, therefore, that at high ionic strengths b-domain stabilization and native state formation on the slow refolding pathway become kinetically decoupled such that the near-native state becomes significantly populated. Thus, by changing the energy landscape with the addition of salts new insights into the relevance of intermediate states in lysozyme refolding are revealed.
Hen egg white lysozyme has proved an important model for protein refolding studies, since it is structurally well characterized Blake et al., 1965 !, amenable to biophysical studies~Imoto et al., 1972 Dobson et al., 1994!, and it displays an intriguingly complex refolding mechanism~Radford & Dobson, 1995!. The refolding pathway of the four disulfide protein involves multiple routes, different intermediate states with varying degrees of structure, and fast and slow kinetic processes. Despite the myriad of studies carried out on this protein, the details of how lysozyme achieves its final native structure remain unresolved, and its further study continues to provide information not just about the refolding of lysozyme itself, but about general protein refolding principles.
A summary of the refolding pathway of hen lysozyme~contain-ing four disulfide bonds! at pH 5.2 and 20 8C is shown in Figure 1 .
The model is based on the observation of well-defined intermediates identified by a number of different biophysical methods, most importantly hydrogen exchange labeling monitored by 1 H NMR Miranker et al., 1991; Radford et al., 1992! and ESI MS~Miranker et al., 1993 !. Rapidly after the initiation of refolding~within 5 ms! by dilution of the denatured protein from 6 M guanidinium chloride~GuHCl!, lysozyme molecules undergo hydrophobic collapsẽ Itzhaki et al., 1994 ! to form an ensemble of states that contain, on average, a native-like content of secondary structure~Chaffotte et al., 1992; Radford et al., 1992 ! and the beginnings of an inchoate unstable a-domain~Gladwin & Evans, 1996!. At this very early stage, branching of molecules along different routes occurs~Rad-ford et al., 1992; Wildegger & Kiefhaber, 1997; Morgan et al., 1998 !. About 70% of the molecules fold on a sequential pathway, which involves population of the a-domain refolding intermediatẽ Radford et al., 1992; Miranker et al., 1993 !. This species contains stable hydrogen bonded structure in the helical a-domain, but lacks stable structure in the second, predominantly b-sheet, domain. Formation of the a-domain intermediate occurs with biphasic kinetics~t ϭ 5-10 ms and 65 ms with amplitudes ;20 and ;50%, respectively!, reflecting the formation of distinct refolding populations in the collapsed state. The development of stable hy-drogen bonded structure in the b-domain on this pathway~referred to as the "slow track"! occurs concomitantly with formation of the ultimate native state in the rate limiting step of refolding with a time constant of 350 ms under these conditions. The remaining ;30% of molecules fold rapidly to a species that contains stable hydrogen bonded structure in both domains~t ϭ 5-10 ms!~de-noted in Fig. 1 as the near-native state! but lacks an active site capable of binding a fluorescently labeled competitive inhibitor Miranker et al., 1993; Itzhaki et al., 1994; Matagne et al., 1997!. The rate limiting step on this "fast track"~t ϭ 100 ms! involves formation of the active site~Matagne et al., 1997!, presumably in a step involving reorganization of the interface between the a-and b-domains~Itzhaki et al., 1994!. In addition to the pathways shown in Figure 1 , an additional very slow refolding track is populated by about 15% of molecules~t ϭ 20 s!. This pathway is thought to involve proline isomerization~Kato et al., 1981! and is not considered here.
Despite the wealth of information about the lysozyme refolding pathway, several important issues remain unresolved, including the importance of the near-native state in the slow refolding track~Kiefhaber, 1995; Matagne et al., 1997!. Since formation of stable hydrogen bonded structure in the b-domain on the slow refolding route is rate limiting, direct experimental evidence for the involvement of the nearnative state on this pathway could not be obtained. Clear evidence for this species on the fast refolding track was provided by a combination of hydrogen exchange labeling and inhibitor binding studies, which indicate formation of a species protected in both domains with a time constant of 10 ms~Miranker et al., 1993!, but evolution of the fully native state capable of binding The refolding pathway of lysozyme in 20 mM sodium acetate buffer, pH 5.2, 20 8C was determined using a variety of stopped flow and quench flow methods~reviewed in !. The diagram is drawn to emphasize the parallel nature of the refolding pathway and the proposed merger of the fast and slow refolding tracks at the near-native state. The rate limiting step on the slow refolding track under these conditions is the formation of stable hydrogen bonded structure in the b-domain. In addition to the refolding populations shown in the figure, an additional 15-20% of the molecules fold by a very slow route~t ϭ 20 s!, probably limited by cis-trans prolyl isomerization~Kato et al., 1982; Matagne et al., 1998 !. This population of molecules is not considered in this paper. a fluorescently labeled inhibitor with a time constant of 100 ms Matagne et al., 1997!. By contrast, interrupted refolding studies suggest that formation of the native state on the fast refolding track occurs in a simple two-state reaction in about 14% of molecules with a time constant of 50 ms~Kiefhaber, 1995!.
In this study, we investigate the significance of the nearnative state in the slow track of lysozyme refolding by varying the environmental conditions in which refolding is performed. Previous studies have shown that the late steps in lysozyme refolding are retarded by the inclusion of sodium chloride in the refolding buffer, suggesting that the rate limiting steps in refolding involve the formation of precisely oriented ionic interactions that characterize the native state~Itzhaki et al., 1994!. By incorporating different salts into the refolding buffer and systematically altering their ionic strength, we have built upon these initial studies and have revealed further insights into the roles that electrostatic interactions and anion binding play in the late stages of lysozyme refolding. In addition, by changing the refolding conditions in this manner, we reveal new insights into the role of the near-native state in the slow phase of lysozyme refolding.
Results

The effect of ionic strength on the rate of lysozyme refolding measured by stopped flow spectroscopy
To investigate the role that electrostatic interactions play in the lysozyme refolding reaction, the protein was refolded from its denatured state in 6 M GuHCl by 11-fold dilution into 20 mM sodium acetate buffer, pH 5.2, 20 8C, containing a range of different salts at increasing ionic strength. In all cases the four native disulfide bonds were left intact in the denatured state. The salts added to the refolding buffer were chosen from the Hofmeister series on the basis of their known potential stabilizing or destabilizing effects~Timasheff, 1993!. The order of effectiveness of anions in salting out proteins is SO 4
Potassium sulfate, potassium chloride, and potassium thiocyanate were therefore selected for these experiments because of their different positions in this series. The ionic strength of the different salts added to the refolding buffer was varied from 0 to 1 m~see Materials and methods!. The rate of refolding in the presence of potassium thiocyanate could not be measured by far UV CD because the absorbance of refolding buffer containing this salt is too large.
intrinsic tryptophan fluorescence and circular dichroism in the far UV. Under all of the conditions studied, the refolding of lysozyme monitored by both techniques occurs in three phases, consistent with previous studies in the absence of added salts~Radford et al., 1992; Itzhaki et al., 1994 !. First, a significant decrease in fluorescence intensity and an increase in negative ellipticity occur in the dead time of the experiment~2 ms!. This has been interpreted as formation of the initial hydrophobically collapsed state~see Fig. 1 !, which contains substantial secondary structure and tryptophan residues that are at least partially solvent excluded~Itzhaki et Morgan et al., 1998 !. Second, in the "fast phase" a further substantial decrease in fluorescence intensity occurs~such that the fluorescence intensity developed is much less than that of the final native state!. This occurs concomitantly with the development of excess ellipticity in the far UV CD~relative to that of the native state!. This phase reaches a maximum amplitude after about 100 ms of refolding in the absence of additional salts in the refolding buffer, and has been attributed to the formation of the a-domain intermediate and the generation of non-native interactions between amino acid side chains, which stabilize this state and give rise to its unusual spectroscopic properties~Itzhaki et al., 1994; Rothwarf & Scheraga, 1996; Matagne et al., 1998!. Finally The data in Figure 2A show, in accord with previous studies Itzhaki et al., 1994; Itzhaki & Evans, 1996 !, that the fast phase of refolding measured by intrinsic tryptophan fluorescence is not significantly affected by increasing the ionic strength of the refolding buffer~up to an added ionic strength of 1 m!~the small rate enhancement observed in this phase at increasing ionic strengths, although intriguing, is within the error of the experiments!. In addition, there is no dependence of the observed rate of the fast phase on the nature of the salt added. By contrast, the rate of the slow phase varies significantly with a change in the refolding conditions. For example, the rate of this refolding phase is diminished ;2-fold~relative to the refolding rate in buffer alone! by the inclusion of 1 m KCl~Fig. 2B!. The extent to which the rate of the slow phase is diminished is dependent upon the concentration of salt added, as well as the nature of the specific salt. The inclusion of potassium thiocyanate in the refolding buffer diminishes the rate of the slow phase maximally~3.3-fold in the presence of 1 m added KSCN!, while the inclusion of potassium sulfate has the smallest effect~1.3-fold at 1 m added salt!. The effect of added chloride anions is intermediate between those of KSCN and K 2 SO 4 . Although the rate of the slow phase decreases with the inclusion of different anions in the refolding buffer, the amplitudes of the observable kinetic phases are relatively insensitive to ionic strength over the range studied~the amplitudes of the fast and slow kinetic phases change by only 67% as judged by stopped flow fluorescence upon the addition of 1 m KCl!.
Qualitatively similar results were obtained when refolding was monitored by far UV CD~Fig. 3A,B!. Thus, there is little effect of the added salts on the rate of the fast refolding phase, but the rate of the slow phase is significantly reduced at high ionic strengths in a manner that is salt-dependent. Interestingly, the rate of the slow phase measured by far UV CD appears to be slightly faster than that determined by stopped flow fluorescence~compare Figs. 2B, 3B!. At an added ionic strength of 1 m KCl, for example, formation of a native-like signal in the far UV CD occurs with a time constant of 630 6 15 ms, whereas the time constant for this phase measured by stopped flow fluorescence on the same instrument in a consecutive experiment~see Materials and methods! is 690 6 20 ms. This difference, although small, implies that formation of the native protein from the a-domain intermediate is no longer an entirely cooperative process at high ionic strengths, in that formation of a native signal as judged by far UV CD occurs more rapidly than the tryptophan side chains adopt their ultimate native configurations.
To confirm that the slow phase measures native state formation, the rate of formation of native lysozyme was monitored in the highest salt concentrations studied here by binding of the fluorescently labeled inhibitor, 4-methylumbelliferyl-N-N9-diacetyl-bchitobiose~MeU-diNAG!. In the absence of additional salt, the rate of formation of native lysozyme measured by this techniquẽ t ϭ 280 6 10 ms! was comparable to that determined in previous measurements~Itzhaki et al Matagne et al., 1997!. In the presence of 1 m of K 2 SO 4 , KCl, or KSCN, the rate of formation of native lysozyme was retarded~t ; 450, 500, and 700 ms, respectively!. This experiment thus confirms that the rate of formation of native lysozyme is retarded at high ionic strengths as suggested by the fluorescence and CD experiments described above. Interestingly, although the effect of the added salts follows the trend observed by tryptophan fluorescence studies, the rate of evolution of the native protein measured by binding studies is faster than expected~compare rates with those depicted in Figs. 2, 3!, possibly because the inhibitor facilitates folding in these high ionic strength buffers~even though this was not observed in the absence of additional salts~Itzhaki et al., 1994!!.
The effect of ionic strength on the rate of lysozyme refolding measured by HX ESI MS
Hydrogen exchange labeling experiments monitored by ESI MS were carried out to identify more clearly the origin of the effect of added salts on the slow phase of lysozyme refolding. This approach is uniquely powerful in that individual refolding populations that differ in their hydrogen exchange protection can be resolved and individually monitored during refolding~Miranker et al., 1996!. In accord with the results of previous experiments Miranker et al., 1993!, three well-defined species can be detected over the time course of refolding at 20 8C in the absence of additional salts~Fig. 4A!. These species correspond to unprotected states~labeled P0!, the a-domain intermediate~labeled P28!, and fully protected species~labeled P50!, which protect 0, 28, and 50 hydrogens from exchange, respectively. The multiplicity of peaks occurring simultaneously during refolding demonstrates the parallel nature of the lysozyme refolding pathways. The small population of P50 that appears within only 20 ms of the initiation of refolding represents the fast refolding track to the near-native state.
In this species both the a-and b-domains have achieved protective structure, that is a native pattern of stable hydrogen bonds has formed, but these could be unstable relative to those in the ultimate native protein~Radford et al., 1992!. The final native state, judged by a native fluorescence or far UV CD signal and the ability to bind a disaccharide inhibitor, emerges much more slowly~see In accord with the fluorescence and CD data described above, the ESI MS results also show that the inclusion of 0.4 m KCl in the refolding buffer does not change the refolding pathway of lysozyme fundamentally, in that the three species are still populated in the higher ionic strength refolding buffer. Interestingly, however, the ESI MS data show that the protection kinetics of P0, P28, and P50 are unaffected by the addition of 0.4 m KCl, even though the rate of appearance of the native protein, indicated by the formation of a native-like signal in tryptophan fluorescence or far UV CD, is retarded about 1.4-fold in the presence of this concentration of KCl~Figs. 2B, 3B!. The kinetics of the appearance and disappearance of the three species, calculated by integrating the area underneath each peak in an individual charge state~s ee Materials and methods!, is shown in Figure 4B . The time course clearly shows that the protection kinetics are independent of the refolding conditions. In addition, the population of each species could be fitted to multiexponential functions, the rate constants for which agree closely with previously published datã Radford et al., 1992; Miranker et al., 1993; Matagne et al., 1998 !, and the refolding pathway summarized in Figure 1 .
In an additional set of experiments, the influence of high ionic strengths~1 m KCl or K 2 SO 4 ! on the protection kinetics of P0, P28, and P50 was measured by ESI MS. Even though the rate of formation of native lysozyme is retarded by the addition of 1 m KCl or K 2 SO 4 to the refolding buffer, respectively~see above!, the rate of evolution of the fully protective species~P50! measured by ESI MS in the presence of the two salts is identical~Fig. 5!. Most strikingly, and by contrast with the fluorescence and CD data, the rate of formation of stable hydrogen bonded structure in the a-and b-domains observed in 1 m salt is not retarded relative to that without salt, but appears to be even slightly increased~compare Figs. 4A, 5!. The data show, therefore, that changing the refolding conditions decouples the formation of stable folding domains from the evolution of the native state, presumably by retarding the docking of these pre-formed elements of structure.
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Discussion
Evidence for the near-native state as a common intermediate in lysozyme refolding
Previous experiments on lysozyme refolding have demonstrated that the refolding of the four disulfide species is a complex process involving parallel refolding pathways~Radford et al., 1992!. Molecules on the fast refolding track are proposed to fold rapidly to the near-native species, which contains highly protective structure in both the a-and b-folding domains but is distinct from the native state in that it is unable to bind substrate analogues~Miranker et al. , 1993; Itzhaki et al., 1994; Matagne et al., 1997 !. The relevance of the near-native state on the slow refolding pathway could not be assessed hitherto since b-domain stabilization in the slow refolding track is rate limiting under the previously studied refolding conditions. Different models in which the active site is either achieved cooperatively with the development of protective structure in the b-domain, or rapidly thereafter, equally satisfy the previous experimental data~Radford & Matagne et al., 1997 !. By changing the ionic strength of the refolding buffer, the processes of b-domain protection and domain docking are kinetically decoupled such that the near-native state in the slow refolding track becomes significantly populated and reorganization of the interface between the stable preformed a-and b-domains presents the final slow step in refolding.
Anion binding and the rate limiting step of lysozyme refolding
The influence of salts on the refolding properties of proteins is complex and a number of different effects, including electrostatic screening, protein stabilization, and alteration of the properties of water can all play a role~McCrary et al., 1998!. As a consequence, it is difficult to define clearly the physical origin of the effects of the different salts on the refolding kinetics of lysozyme, and it is likely that several of these factors as well as more subtle effects could contribute to the altered refolding kinetics observed at high ionic strengths. We discuss below possible influences of these different effects on the rate limiting step in lysozyme refolding.
Electrostatic screening
The behavior of the slow phase in lysozyme refolding as a function of the concentration of KCl in the refolding buffer has previously been interpreted in terms of a kinetic salt effect, the ionic strength dependence of the refolding rate constants fitting remarkably well to the function log k ϭ B ϩ AI 102 , where k is the rate constant for refolding, I is the ionic strength, and A and B are constants that derive from the Debye-Hückel limiting law~Itzhaki et al., 1994!. This relationship also holds true for the data presented in Figures 2B and 3B , suggesting that the formation of specific favorable ionic interactions within the lysozyme structure occurs in the slow phase of refolding, concomitantly with formation of the fixed tertiary structure that defines the native state. In accord with this, studies incorporating classical electrodynamic models~Dao-pin et al., 1989! suggest that lysozyme has a very asymmetric distribution of charges across the active site cleft, consistent with the finding that ionic interactions are most important in the late stages of lysozyme refolding.
A schematic representation of the active site cleft of lysozyme, which highlights several of the residues that are solvent exposed and lie in the domain interface, is shown in Figure 6 . There is only one salt bridge in the lysozyme structure, which involves Lys1 and Glu7~Imoto et al., 1972!. These residues are solvent exposed, but are not located in the domain interface or in the active site cleft and thus it is unlikely that this interaction accounts for the observed dependence of the refolding kinetics on the ionic strength. The active site of lysozyme is lined by six hydrophobic residues, six polar amino acids, and four charged side chains and some or all of these residues could be involved in the late stages of refolding. In light of the diverse nature of the side chains in the active site, the observation that different salts have distinct effects on the slow phase of refolding is not surprising. As well as contributing to the active site, several of these residues also form important contacts within the domains in which they are located. For example, Trp108, as well as making an important contribution to the active site, interacts with Trp111 in helix D in the a-domain~Imoto et al., 1972!, and also has a role in stabilizing this helix~Yang et al., 1995!. Figure 4 . KSCN was found to bind to refolded lysozyme even after extensive buffer exchange at low pH~see Materials and methods!. As a consequence clear mass spectra could not be obtained from refolding buffers containing KSCN.
Protein stabilization
A second effect that may play a significant role in the retardation of domain docking in the lysozyme refolding pathway at high ionic strengths is stabilization by specific ion binding. It has long been known that both anion and cation binding can influence protein stability~von Hippel & Schleich, 1969!, and studies on lysozyme have shown an increase in stability of the native state of 38 kJ0mol by the addition of 0.5 M Na 2 SO 4 at pH 5.2, 20 8C~equivalent to an added ionic strength of 1 m!~Wildegger & Kiefhaber, 1997!. Similarly, chloride ion binding has been implicated in the stability of compact native-like states at low pH~Fink et al., 1994!. Although a role for specific cation binding in the slow phase of lysozyme refolding cannot be ruled out, the high net positive charge of lysozyme at pH 5.0~ϩ9.8, calculated using the program ISOELECTRIC~Devereux et al., 1984!, assuming that the pK a of Glu35 would not be perturbed in intermediate states!, suggests that anion binding is likely to be the dominant effect. There are 6 lysine and 11 arginine residues in hen lysozyme, all of which would be positively charged at the refolding pH of 5.2 and are located on the surface of the molecule. One arginine residue is located in the active site cleft~Fig. 6!. In addition to these positively charged residues, binding of anions to surface exposed polar residues could also stabilize the near-native state~12 polar residues lie in the interdomain interface or in the active site cleft!. Preferential anion binding to one or more sites on the surface of the near-native state could lead to an increased energy barrier which separates this state from the final native protein.
The properties of water
Changing the salt composition of the refolding buffer could also influence the refolding kinetics of lysozyme by their effect on the properties of the solvent. The effects of anions in stabilizing protein structure are often observed to follow the Hofmeister series von Hippel & Schleich, 1969; Goto et al., 1990a; Baldwin, 1996 !. This series comprises kosmotropic anions~such as sulfate! at one end~Washabaugh & Collins, 1986! and chaotropic anions~such as thiocyanate! at the other extreme. Chaotropic ions preferentially interact with proteins whereas kosmotropic ions tend to be excluded from the protein surface. Another series of ions used to explain changes in protein stability is the electroselectivity series Washabaugh & Collins, 1986; Goto et al., 1990b !. This series is similar to the Hofmeister series, but is based on the affinity of anions for exchange resins. Whereas the Hofmeister series represents the tendency for anions to interact with neighboring water molecules, the electroselectivity series assumes that the net charge of anions is more important than their hydration. In this case it is postulated that chaotropic anions have higher affinities for positively charged resins due to their smaller effective size. Such an effect may explain why different anions influence the slow phase of lysozyme refolding to different degrees; thiocyanate ions, for example, are likely to have the greatest effect by preferentially interacting with positive residues on the protein surface and disrupting ordered water molecules which interact with the lysozyme surface~Timasheff, 1993!.
Associated water molecules are often conserved in proteins belonging to the same family and can be both structurally and functionally important~Williams et al., 1994!. Hen lysozyme contains between 110 and 140 ordered water molecules, which hydrogen bond to charged groups on its surface~Moult et al., 1976; McKenzie & White, 1991!. In addition to these surface water molecules, there are four buried waters located just below the active site cleft in the lysozyme crystal structure~Blake et al., 1983!. These form a hydrogen bonding network in association with Thr40, Ile55, and Ser91 within a completely buried predominantly nonpolar core additionally involving Leu83, Leu84, Leu56, and Phe3~Jollés & Jollés, 1984 !. This network of water molecules is conserved across different species of lysozymes, most notably in human lysozyme as well as the closely related a-lactalbumins~discussed in Shih et al., 1995!. Interestingly, mutation of Ile56 to Thr in human lysozyme~the equivalent of Ile55 in hen lysozyme! has been found to lead to the formation of amyloid fibrils in patients with autosomal dominant hereditary amyloidosis~Pepys et al., 1993! and mutation of Ile55 to Thr in hen lysozyme causes the normally highly soluble protein to aggregate~Shih et al., 1995!. The mutation of Ile56 to Thr has been shown to destabilize the variant human lysozyme and result in impaired interdomain interactions and a decreased cooperativity of unfolding of the resulting native enzyme~Booth et al., 1997!. It is not unreasonable to suppose, therefore, that altering the properties of the bound water molecules in this site by the addition of salts might also result in a decreased cooperativity in protein refolding.
Energy landscapes
In the context of the "new view" of refolding, the concept of discrete refolding pathways has been superseded by threedimensional energy landscapes or folding funnels, which depict the energetic search to the native state~Wolynes et al., 1996; Dill & Chan, 1997!. Such a view does not preclude the concept that folding might still occur via preferred routes, and thus energy landscapes involving highly populated routes and defined intermediate states can still be envisaged~Lazaridis & Karplus, 1997!. Recently a putative three-dimensional energy landscape for lysozyme has been described~Dobson et al., 1998!, which encompasses the wealth of biophysical measurements obtained to date and depicts folding as a complex energy surface involving at least three highly populated routes that reflect the three tracks to the native state described in Figure 1 . The energy landscape for lysozyme folding has at least two distinct energy wells, one representing the a-domain intermediate and the other the near-native state that is situated close to the ultimate native species. These energy wells could be deepened, or the barrier that separates them from succeeding species heightened, by changing the refolding environment, for example, by the addition of specific anions. Thus, by tailoring the refolding conditions and detailed analysis of the properties of the resulting refolding ensemble, new information confirming the role of the near-native state in lysozyme folding has been directly obtained.
Materials and methods
Materials
Hen lysozyme was purchased from Sigma~Dorset! and was dialyzed against ultrapure water brought to pH 3.8 with HCl before use. The protein was then lyophilized and stored at Ϫ20 8C. All reagents used in this work were of Analar quality.
Stopped flow fluorescence
Lysozyme~2 mg0mL! was denatured in 6 M GuHCl~measured using the refractive index~Pace, 1986!! for 30 min before use to ensure that denaturation was complete. The denatured protein was diluted 11-fold into refolding buffer~20 mM sodium acetate, pH 5.2! at 20 8C using an Applied Photophysics SX-17MV or p * 180 stopped flow apparatus. The ionic strength of the refolding buffer was increased in different experiments by the inclusion of potassium chloride, potassium sulfate, or potassium thiocyanate. In each case the ionic strength~m! of the solution was calculated taking into consideration only the added salts in the refolding buffer according to the equation m ϭ 0.5⌺m i z i 2 , where m i is the molarity of the added salt~i ! and z its charge. The contribution of the 20 mM sodium acetate refolding buffer and the residual 0.54 M GuHCl to the ionic strength was ignored~the residual ionic strength of the refolding buffer and GuHCl are denoted as 0 m for the purposes of this work!. Intrinsic tryptophan fluorescence was measured using an excitation wavelength of 289 nm, excitation slit widths of 9.2 nm, and emission was monitored above 320 nm using a bandpass filter. Refolding was measured for 5 s and 1,000 data points were collected. Eight traces were collected and averaged. The kinetic traces were fitted to double exponential functions using a Marquardt algorithm least-squares fitting procedure using software supplied with the Applied Photophysics instrument. In all cases adequate fits to the data were obtained and the resulting rate of the slow phase is reproducible within replicate experiments performed on different occasions to within 610%. The errors in rate constants obtained from experiments performed sequentially, however, were found to be within 63%. It was noted that the data could also be fitted to a triple exponential function, which resulted in slightly smaller residuals. In this case the rate constants for the slowest phase were altered slightly, but the trend in the rate constants with the different added salts was unchanged. Amplitudes were normalized with respect to the total fluorescence change between the fully unfolded and the native state, taking into consideration the effect of GuHCl on the intrinsic fluorescence intensity of tryptophan~Itzhaki et al., 1994; Matagne et al., 1998 !. The fluorescence of the native state was then fixed at 100% and that of the denatured state under refolding conditions was determined to be 153%.
Inhibitor binding studies
Unfolded lysozyme~20 mg0mL in 6 M GuHCl! was refolded by 11-fold dilution into buffer containing MeU-diNAG~Fluka, Buchs, Switzerland! at a final concentration of 6 mM and 20 8C~Matagne et al., 1997!. Binding of the inhibitor was monitored using an Applied Photophysics SX-17MV stopped flow apparatus by measurement of the total fluorescence emission above 335 nm after excitation at 330 nm. 2,000 data points were collected over a time course of 2 s. About 20 traces were averaged to produce each kinetic profile.
Concentration dependence
The molecular weight of lysozyme in its native state was analyzed by analytical ultracentrifugation~Dr. Geoff Howlett, University of Melbourne! at concentrations of 2 and 0.2 mg0mL in 20 mM sodium acetate buffer, pH 5.2, 20 8C, both in the presence and absence of 0.4 m KCl. Under all conditions the protein was shown to be monodisperse and monomeric. The refolding kinetics were also measured at 0.2 and 0.02 mg0mL final protein concentrations in 20 mM sodium acetate buffer, pH 5.2, 20 8C and in buffers containing 1 m KCl, KSCN, or K 2 SO 4 . Under all conditions studied, the refolding kinetics were independent of protein concentration, suggesting that the reduction in the rate of refolding observed at high ionic strength is not attributable to intermolecular associations.
Stopped flow CD
Refolding of lysozyme was measured in the far UV CD using the p * 180 kinetic spectropolarimeter from Applied Photophysics Ltd. Leathehead, UK!. The instrument was used in stopped flow mode with a 2 mm optical path length, 20 mL cell volume, and a 10:1 sample drive ratio. In this configuration the instrument has a dead time of 2 ms. Data were collected at 225 nm using a 2 s logarithmic time base and 2,000 data points were recorded. Although the biphasic CD kinetic change was clearly visible after just one shot, 16 records were averaged to improve the measurement accuracy of component lifetimes. In all experiments lysozyme denatured in 6 M GuHCl~2 mg0mL! was diluted 11-fold with refolding buffer to give a final pH of 5.2. Refolding was followed at 20 8C. The data were fitted to a double exponential function as described above. In all cases excellent fits to the data were obtained and the resulting rate constants are reproducible within replicate experiments to within 65%. To permit accurate comparison of the CD data with those obtained by fluorescence, CD and fluorescence experiments were performed on the same instrument using the same denatured protein on the same or consecutive days.
Hydrogen exchange labeling
Experiments were performed at 20 8C using a Biologic QFM5 rapid mixing quench flow module. Lysozyme~2 mg0mL! was denatured in 6 M deuterated GuDCl~prepared by its repeated dissolution in D 2 O followed by lyophilization! in D 2 O for 1 h to permit exchange of all labile peptide and side-chain hydrogens for deuterons. Refolding was then initiated by diluting the denatured protein 11-fold into refolding buffer~20 mM sodium acetate, pH 5.5 in H 2 O!, to produce a final pH of 5.2. The composition of the refolding buffer was changed in different experiments to include different salts at the ionic strengths indicated~see above!. At pH 5.2 the intrinsic rate of hydrogen exchange is slow relative to the rate of refolding and the intrinsic rate of hydrogen exchange is not significantly affected by ionic strength~the rate of base catalyzed exchange is retarded by 1.07-fold by 0.5 M KCl!~Bai et al., 1993!. Thus, no exchange occurs in this phase. After various refolding times a rapid~8.3 ms! labeling pulse was applied to the refolding protein. This was achieved by a further 5-fold dilution of the sample~relative to the initial volume of lysozyme used! into 200 mM sodium borate, pH 10. The final pH of the labeling pulse was 9.2. Buffer at low pH~1 M acetic acid! was then added~by a further 5-fold dilution of the sample relative to the initial volume of lysozyme used! to terminate the exchange process and refolding was allowed to proceed to completion at pH 3.8. The sample representing a refolding time of 0 ms was made by mixing the refolded protein with borate and acetic acid in identical ratios to those used above and heating the sample to 80 8C for 10 min to ensure complete isotope exchange of all amides~Radford et al., 1992!. All samples were then concentrated and buffer salts removed by extensive dilution into water brought to pH 3.8 with 0.1%~v0v! formic acid in H 2 O and reconcentration using a Centricon 10 ultrafiltration device at 4 8C, essentially as described by Matagne et al.~1998!. Samples were collected from single mixing experiments and subsequently analyzed by ESI MS.
Electrospray ionization mass spectrometry
Electrospray ionization mass spectra were recorded on a benchtop quadrupole mass spectrometer~Platform II, Micromass UK Ltd., Altrincham, Cheshire, United Kingdom! and data were acquired using the MassLynx software package. Samples were introduced to the ionization source of the mass spectrometer at a flow rate of 4 mL0min in aqueous solution at pH 3.8 using a Harvard infusion syringe pump. The syringe and transfer lines were flushed before and after the sample introduction with the same solvent system to ensure that all traces of previous samples and solvent systems were removed. The ionization source temperature was held at 30 8C, and nitrogen was employed as both the drying and nebulizing gas at flow rates of 200 and 20 L0h, respectively. A voltage of 3.5 kV was applied to the tip of the capillary through which the samples entered the mass spectrometer, and the counter electrode was held at 0.5 kV. The sampling cone voltage was optimized at 45 V. Data were accumulated by multichannel analysis~MCA!, acquiring 16 points Da Ϫ1 , over the m0z range 1,000 to 1,800. The average molecular masses of the protein components in the sample were calculated from at least three charge states using the centroided peak values for this purpose. An external calibration using horse heart myoglobin~molecular mass 16,951.49! was applied to ensure mass accuracy, which was estimated at 0.01% of the sample's mass, i.e., 61.4 Da.
To quantify the data produced, the spectra were processed using a minimal background subtraction routine followed by smoothing twice using a Savitzky Golay algorithm!. The relative peak areas of the three states corresponding to unprotected species~P0!, the a-domain intermediate~P28!, and fully protective states~P50! were calculated manually from listings of the peak heights of the individual points across these peaks. In each case, the intensities of the peaks were normalized to the total intensity of the three peaks.
